We report the observation of the insulator-to-metal transition in crystalline silicon samples supersaturated with vanadium. Ion implantation followed by pulsed laser melting and rapid resolidification produce high quality single-crystalline silicon samples with vanadium concentrations that exceed equilibrium values in more than 5 orders of magnitude. Temperature-dependent analysis of the conductivity and Hall mobility values for temperatures from 10 K to 300 K indicate that a transition from an insulating to a metallic phase is obtained at a vanadium concentration between 1.1 × 10 20 and 1.3 × 10 21 cm −3 . Samples in the insulating phase present a variable-range hopping transport mechanism with a Coulomb gap at the Fermi energy level. Electron wavefunction localization length increases from 61 to 82 nm as the vanadium concentration increases in the films, supporting the theory of impurity band merging from delocalization of levels states. On the metallic phase, electronic transport present a dispersion mechanism related with the Kondo effect, suggesting the presence of local magnetic moments in the vanadium supersaturated silicon material.
Introduction
Research on the insulator-to-metal transition in the condensedmatter systems has always been a fruitful field. Especially important is the transition to the insulating phase caused by the correlation effects associated with the electron-electron interaction [1] . In the metallic phase near the transition point it has been observed fluctuations and orderings in the spin, charge, and orbital degrees of freedom, properties which are frequently quite different from those of ordinary metals [2, 3] . The insulator-to-metal transition could be driven by means of control of key parameters such as band filling or energy bandwidth. These parameters are experimentally varied by doping, pressure, chemical composition, and magnetic fields [4] [5] [6] . Particularly the insulator-to-metal transition controlled by doping depends on a critical doping concentration (n crit ) which for a variety of systems satisfies = a n 0.25 b crit 1 3 / [7] , where a b is the effective Bohr radius of the dopant impurity.
Silicon, as the key material of the information era and a technological mature material has been an accessible playground in order to explore the fundamentals of the insulator-to-metal transition phenomena. We are referring to the insulator-to-metal transition in silicon at low temperatures (under 50 K), at which silicon behaves as an insulator material due to the freeze out effect [8] . Most of the insulator-tometal transitions driven by doping in silicon have been studied using shallow dopants such as phosphorous or boron which present a Bohr radius on the order or 10 nm and a theoretical n crit ≈ 10 18 cm −3 . This theoretical n crit is in good agreement with experimental values [9] . These shallow dopants present high solubilities in silicon (higher than n crit ), which permits to obtain high quality metallic and insulating samples using traditional equilibrium growth techniques. However, deep levels impurities present more tightly bound electrons and therefore n crit is expected to be higher than in the case of shallow dopants. Transition metals in silicon produce deep levels and present much lower equilibrium solubilities (≈10 15 cm
) than shallow dopants. In fact, the n crit that determines the insulatorto-metal transition for deep level impurities has been theoretically calculated to be approximately 6 × 10 19 cm −3 [10] . This value is in agreement with experimental results [11, 12] . Consequently, equilibrium process techniques does not permit to produce adequate samples to study an insulator-to-metal transition in silicon supersaturated with transition metals and an exhaustive analysis of this phenomena has not been previously reported. In this work, in order to overcome the challenge of supersaturation (concentration higher than equilibrium solubility) in high quality crystalline samples we use non-equilibrium process techniques as ion implantation and pulsed laser melting (PLM) [13] .
Recent studies based on Si supersaturated with chalcogens [12, 14] , titanium [15] and vanadium [16] have shown a wide range of unusual electrical and optical properties, namely, a strong sub bandgap optical absorption and an increase in the infrared photo-response. One of the hypotheses to explain these properties is the formation of an impurity band of allowed states within the bandgap of the host semiconductor once the impurity concentration has overcome the so-called insulator-metal transition. This impurity band would allow optical transitions for photon energies below the bandgap which, together with a recovery of the carrier lifetime, would lead to an increase in the photo-response at these photon energies. In this context, these materials are currently studied for potential photovoltaic applications since the exploitation of the infrared region of the solar spectrum in Si-based solar cells is a goal for the photovoltaic researchers. The concept of a solar cell based on this impurity band material is known as intermediate band solar cell (IBSC) and would lead to a remarkable increase in the solar cell efficiency [17, 18] .
This work focuses on the electrical transport properties in the low temperature range and studies the insulator-to-metal transition occurring in silicon supersaturated with vanadium and controlled by the impurity concentration. This analysis allows us to add novel results to the research field of the transition-metal supersaturated silicon materials: the identification of a variable-range hopping transport for insulating samples and a scattering mechanism driven by the Kondo effect for metallic samples.
Experimental
Single-crystal samples 1 × 1 cm 2 in size of n-type Si (1 1 1) with a thickness of 300 μm (ρ ≈ 200 Ω cm; μ ≈ 1500 ) using a 7° tilt angle. After implantation, all the samples were PLM processed at 1 J cm −2 with a KrF excimer laser (248 nm) with a 20 ns pulse duration at IPG Photonics (New Hampshire, USA).
To analyze the vanadium depth profile, time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were carried out in a ToF-SIMS IV model manufactured by ION-TOF, with a 25 keV pulsed Bi 3+ beam at 45° incidence. A 10 keV voltage was used to extract the secondary ions and their time of flight from the sample to the detector was measured with a reflection mass spectrometer. The structural characterization of similar samples was carried out by high resolution transmission electron microscopy (TEM) images, obtained with a Titan3 G2 working at 300 keV.
Electrical characterization was made at variable temperature (10-300 K) placing the samples inside a closed-cycle Janis cryostat. A Keithley SCS 4200 model with four source and measure units (SMU) was used to perform sheet conductance and Hall effect measurements with the van der Pauw configuration. Details on the electrical characterization setup can be found elsewhere [19] . Figure 1 shows the V concentration depth profiles obtained by ToF-SIMS for samples implanted with the four different doses. Profiles are shown for the as-implanted samples and for the subsequently PLM processed samples. The theoretical n crit (theoretical concentration limit to overcome the insulator-to-metal transition) is plotted as a reference. We can observe that for all the different PLM processed samples we have obtained silicon supersaturated films with vanadium concentrations higher than 10 15 cm −3 which is the vanadium solubility limit in silicon. Comparing the as-implanted ). Profiles are presented for the as-implanted samples (empty symbols) and for the subsequently laser processed at 1 J cm −2 samples (full symbols).
Results
profiles with the subsequently PLM processed profiles we can observe an important redistribution of the vanadium atoms due to the PLM process. For samples implanted with the 10 13 , 10 14 and 10 15 cm −2 doses, the implanted profile is pushed towards the surface of the sample while the concentration peak increases as the implantation doses increase. This behavior is known as snow-plow effect and is a second order consequence of the PLM process [20] . The laser process melts the implanted layer up to a certain depth. Then, the solidification process begins from this depth towards the surface of the layer. In this process, the melting front moves towards the surface at velocities of several meters per second, in a process known as explosive recrystallization. Implanted impurities tend to stay in the liquid phase since the solubility limit is higher. Consequently, the melting front pushes the impurities towards the surface and shows the characteristic depth-profiles presented in figure 1 .
However, for the sample implanted with the highest dose of 10 16 cm −2 we observe that the maximum peak concentration does not surpass the value obtained for the sample implanted with the 10 15 cm −2 dose, which shows an in depth box-shaped profile. In order to explain this observation we should point out that the laser depth penetration is directly related with the amorphization degree in the sample [21] . The sample implanted with the dose of 10 16 suffered a higher degree of amorphization and consequently the laser treatment melted a larger depth in the implanted layer. Impurities in the melted region tend to spread out uniformly since the solubility and diffusion coefficients are higher in the liquid phase. Therefore, an in depth box-shaped profile appears. The larger the laser penetration depth, the larger the box-shaped profile is and the lower the maximum concentration is, since impurities have to spread out in a larger volume of material [21, 22] . When the recrystallization process starts, lots of impurities are trapped in the solid phase while others are pushed towards the surface by the snow-plow effect [20] . For this reason, we also observe how the concentration profile increases as we move towards the surface of the layer.
Analysis of figure 1 suggests that there is a concentration limit for the supersaturation process that is impossible to overcome, even with the use of non-equilibrium techniques. The most remarkable result shown in figure 1 is that the theoretical n crit has been clearly exceeded for the 10 15 cm −2 implanted sample in a layer of ~21 nm and for the 10 16 cm −2 implanted sample in a layer of ~96 nm. The sample implanted with a dose of 10 13 cm −3 presents a vanadium concentration below the theoretical n crit while the sample implanted with a dose of 10 14 cm −3 presents a concentration slightly higher than the theoretical n crit limit, but just in an extremely thin layer (~7 nm). Table 1 summarize the main results extracted from the analysis of figure 1, showing the peak concentration (c peak ), layer thickness (t crit ) having a vanadium concentration over the theoretical n crit , and the remaining implanted dose after the PLM process. The remaining dose after the PLM process was calculated by the numerical integration of the depth profile. The remaining dose indicates a vanadium loss in the 17-36% range due to the nature of the PLM process, which tends to expel a certain amount of implanted impurities during the crystallization process.
Crystalline quality of the implanted and PLM processed layers were analyzed using high resolution TEM images shown in figure 2. We can observe the excellent crystalline quality obtained for samples implanted with 10 13 , 10 14 and 10 15 cm
doses, virtually indistinguishable from a silicon reference sample. This result is significant, particularly for the sample implanted with the 10 15 cm −2 dose since we have obtained a supersaturated silicon sample with vanadium concentration high enough to theoretically undergone the insulator-tometal transition and in a high quality single crystal. This high crystal quality has been also confirmed in other silicon supersaturated materials by means of Rutherford-Backscattering experiments [23] . However, for the sample implanted with the highest dose of 10 16 cm −2 we observe a branching structure that cross the processed layer. In low magnification images (images not shown) [16] , we observe a set of these branching filamentary structures across the entire processed layer. These nanoscale features referred to as cellular-breakdown [24, 25] (due to the presence of surface features resembling cell walls in plants). In a recent work, the 3D structure and composition of Si cellular-breakdown structures formed in a similar material have been investigated using atom probe tomography technique [26] . In this work, it has been shown that these filamentary structures are formed by transition metals segregation regions with up to a 10 a / o in Si. In any case, these structures resulted free of defects presenting no evidence of polycrystalline material neither the formation of silicides [26, 27] .
From the analysis of the integrated ToF-SIMS profile we deduced that a certain amount of the implanted vanadium is expelled during the crystallization process. However, we have never observed in XTEM images (figure 2) a thin layer of pure vanadium on top of the supersaturated silicon layer. Therefore, we suggest that the expelled vanadium suffers a sublimation process due to the laser treatment and evaporates. Figure 3 shows the temperature dependence of the sheet conductance (G s ) for an unprocessed silicon sample used as a reference and for the vanadium supersaturated silicon samples with the 4 different implantation doses and subsequently PLM annealed. Sheet carrier concentration (n s ) values for these samples are shown in the inset graph for the low temperature range. The silicon unimplanted sample presents the expected behaviour, that is an abrupt increase of the G s from 10 to 50 K due to the carriers freeze-out effect and a decrease of the G s as the temperature increases from 50 to 300 K due to the increase of the phonon scattering. Samples implanted with the lowest doses of 10 13 and 10 14 cm −2 present a behavior similar to that of the unimplanted silicon sample for temperatures higher than 60 K. We can identify differences in the freeze-out temperature range, at which both samples present G s and n s values higher than those of the unimplanted silicon (up to three orders of magnitude). Due to these high differences we can confirm that the underneath Si substrate is not participating in the transport at these low temperatures. This characteristic would be due to the presence of deep-levels introduced by the vanadium atoms. Later we deeply analyze this feature.
Samples implanted with the highest doses of 10 15 and 10 16 cm −2 present a completely different behavior. For temper atures higher than 200 K (10 15 cm −2 sample) and 100 K (10 16 cm −2 sample) the G s values are higher than those of the silicon reference sample. For lower temperatures G s decreases for both samples and presents lower values than the G s of the silicon reference sample, until the substrate reaches the freezeout effect, where the tendency is reversed. These features have been analyzed and explained in [11, 19] , in the framework of a bilayer structure formed by a material with a semi-filled band within the silicon bandgap, known as intermediate band (IB) material [17, 28] , and the underneath Si substrate. In these (10  13 , 10  14 , 10  15 and  10 16 cm −2 ), subsequently PLM annealed at 1 J cm −2 . Inset presents the temperature dependence of the sheet carrier concentration for the same samples. [11, 19] , the IB layer was obtained from the process of delocalization of the deep-levels of titanium in supersaturated silicon samples that have undergone the insulator-to-metal transition. At high temperatures, the bilayer structure is electrically coupled and electrical transport is performed through both layers in parallel (the IB material and the underneath Si substrate). But at low temperatures a decoupling process isolates the IB layer (implanted) from the silicon substrate and conduction happens only through the IB layer [19] . This decoupling process cannot be associated to implantation/PLM induced structural defects, since high resolution TEM images shown in figure 2 present a very high crystal quality after the PLM. The isolation process is dramatically notable at low temper atures, where the abrupt freeze-out effect experienced by the silicon substrate produces changes neither in the G s nor in the n s values of samples implanted at the highest doses. This confirms that the underneath silicon substrate is not playing any role in the transport at low temperatures. Moreover, for temperatures below 25 K these samples present a temperatureindependent n s value, as expected for an impurified semiconductor in the metallic phase [29] . We thus conclude that layers implanted with 10 13 and 10 14 cm −2 doses are in the insulating phase, whereas samples implanted with 10 15 and 10 16 cm
are in the metallic phase.
Discussion
Layers in the metallic phase would present an IB produced by the delocalization of the electrons belonging to the vanadium atoms. At low temperatures (T < 25 K), metallic electrical transport is driven through the IB. Values of n s for these samples obtained in the inset of figure 3 . In the next part of the discussion we analyze the insulator-to-metal transition for all the implanted samples at low temperatures, where the underneath silicon substrate is not participating since it has undergone the freeze-out effect.
Up to this point, we have been using the sheet conductance (G s ) results, which are the values that are directly obtained from the measurements. We will develop the next part of the discussion in terms of conductivity, T ( ) σ . Both parameters are just related by the conduction thickness. We should note that at low temperatures, the conduction thickness is just the thickness of the vanadium supersaturated silicon layer (thermally constant), since the underneath silicon substrate undergoes the freeze-out effect.
At low enough temperatures electrical transport in the insulating phase can only be achieved through the localized deeplevels in a transport process known as hopping [30] . Under these conditions, the conductivity scales as:
Where the s parameter defines the different hopping transport regimes and 0 σ and T 0 are parameters related with the microscopic material properties. Both have different expressions depending on the value of s [31] . In contrast, once we overcome the transition to the metallic phase the conductivity can be modelled by the potential law [32] :
Where 0 ( ) σ represents the 0 kelvin conductivity, C is a constant and z defines the scattering mechanism in the metallic phase. Usually z takes a value of 1/2 which describes the electron-electron scattering at low temperatures [33] . Zabrodskii and Zinoveva [31] introduced a useful procedure in order to identify if a material is in a metallic or an insulating phase. The procedure consists in defining the function W T ( ):
For materials in the insulating phase, inserting equation (1) in equation (3) gives
That is, function W T ( ) should tend to infinity as temperature decreases for samples in the insulating phase. Performing the same procedure for materials in the metallic phase, introducing equation (2) in equation (3) gives
In this case, if the material exhibit a non-zero conductivity at T = 0 K, then function W T ( ) should extrapolate to zero as temperature tend to zero K. Behavior of function W(T) is presented in figure S1 in the supplemental material stacks.iop.org/ JPhysD/00/0000/mmedia [34] and supports the conclusion extracted from figure 3. Equation (1) describes the transport properties in the insulating phase with values of s parameter describing the different hopping process. s 1 = is related to a nearest-neighbour hopping, s 1 4 / = corresponds to Mott's variable-range hopping and s 1 2 / = describes a variable-range hopping process with a Coulomb gap in the density of states [35, 36] . To identify the value of s we plotted log W versus log T (from equation (4)), being the slope of the data-fit equal to the value of s − . We obtained a value of s 0.56 0.21 = ± for the sample implanted with the dose of 10 14 cm −2 and a value of s 0.75 0.58 = ± for the sample implanted with the lowest dose of 10 13 cm
. Unfortunately, these values present large error bars. Therefore, we can only use this result as a first approximation to suggest the kind of underlying hopping process in these samples. 's' values are closer to 1 2 / indicating that conduction likely occurs by variable-range hopping with a Coulomb gap in the density of states [35] . Hopping transport is most likely to occur in the freeze-out regime of an impurified semiconductor, in agreement with the previous suggestion. However, we must leave the door open for a more precise calculation of the kind of transport. as well as the fit to equation (1) describing a variable-range hopping process with a Coulomb gap in the density of states for insulating samples. It is important to note that the temperature region selected to perform the linear fit has been chosen to assure that since the silicon substrate has undergone the freeze-out effect (18-40 K), therefore it is not playing any role. According to Efros and Shklovskii [35] , the characteristic parameter T 0 (equation (1)) is related with fundamentals material properties:
, where q is the electron charge, ε is the material permittivity, k B is the Boltzmann constant and ξ is the electron wavefunction localization length. From data fitting we obtained a T 0 = 802 K for the sample implanted with 10 13 cm −2 and a T 0 = 596 K for the sample implanted with 10 14 cm −2 . Using a permittivity value for silicon of 1.06 × 10 −10 Fm −1 [8] we calculated the localization lengths for both samples, corresponding to 61 nm for the sample implanted with a dose of 10 13 cm −2 and a higher localization length of 82 nm for the sample implanted with a dose of 10 14 cm −2 . These localization length values are in the same order as values obtained in the analysis of a polycrystalline silicon thin film transistor [37] . The result that the wavefunction tends to delocalize (increase of localization length) as the vanadium concentration increases is significant since supports the theory of impurity band merging from deeplevels delocalization process [10] .
Finally we present the electrical transport analysis in the metallic phase for samples implanted with the doses of 10 15 and 10 16 cm −2 . Figure 4(b) shows the product W × G s as a function of the temperature as well as fits to the equation (5) . We should note that linear fit have been performed in the sample implanted with a dose of 10 15 cm −2 just in the temperature range where we have confirmed the metallic phase, that is, from 14 to 24 K. We already confirmed this result in the inset of figure 3 where we observed a temperature-independent sheet carrier concentration for this temperature range, as well as in figure S1(b . These values are close to z 2 = , which is related to the Kondo effect, a scattering process due to the presence of local magnetic moments [38, 39] . This evidence has not been yet observed in any silicon supersaturated material. Vanadium atoms present an electronic configuration of (Ar) 3d 3 4s 2 . Therefore, we suggest that the unpaired d-electrons of vanadium atoms would be the origin of the presence of local magnetic moments.
Moreover, in Kondo's original paper [40] , the local magnetic moments scattering was derived as
is the resistivity and J is a prefactor directly proportional to the concentration of magnetic impurities responsible for the scattering phenomena. In figure 5 we present the resistivitytemperature values for samples in the metallic phase as well as fits to Kondo . At least initially, this result seems contrary to the hypothesis that vanadium atoms are responsible for the magnetic impurities scattering, since the sample with a higher dose of remaining vanadium presents a lower scattering prefactor J. However, if we carefully analyze the band-filling results previously discussed we can conclude that in fact, the sample implanted with the dose of 10 15 cm −2 presents a much higher concentration of vanadium atoms with respect to the charge carriers concentration and therefore could be suffering a proportionally higher scattering of magnetic impurities centers. Substracting the sheet carriers concentration values at low temperatures from the remaining dose and taking into account the t crit , we calculated the concentration of vanadium atoms that would be contributing to the magnetic scattering. We obtained a value of 1.04 × 10 19 cm −3
for the sample implanted with 10 16 cm −2 and a higher value of 3.93 × 10 20 cm −3 for sample implanted with 10 15 cm −3 . In fact, the ratio of these impurities concentrations values is equal to 37.8, similar to the ratio of the scattering prefactor J of 32.4, in accordance with the predictions of Kondo's theory. and subsequently annealed at 1 J cm −2 ). Fits to Kondo original dependence are also presented: ( ) ( ) ρ ≈ − T J T ln .
Conclusions
In conclusion, we have observed the insulator-to-metal transition in vanadium supersaturated silicon samples obtained by the use of ion implantation and PLM techniques. Samples with a vanadium concentration below and over the theoretical n crit present a high quality single crystal. By means of an exhaustive electrical transport analysis we have identified that the insulator-to-metal transition occurs at a vanadium concentration between 1.1 × 10 20 and 1.3 × 10 21 cm −3 . At vanadium concentration just below the transition, electrical transport is defined by a variable-range hopping process with a Coulomb gap in the density of states. The electronwavefunction localization length increases as the vanadium concentration increases for samples in the insulating phase, confirming the theory prediction of deep-levels delocalization process. Those samples in the metallic phase present a scattering process dominated by the Kondo effect, suggesting the presence of local magnetic moments due to the d-levels of vanadium atoms.
